A low grain protein content (GPC) and fl our strength (W) are desirable traits for wheat (Triticum aestivum L.) for biscuit production. Nitrogen fertilization is the main factor that aff ects storage proteins. Th e aim of this study was to compare the eff ect of diff erent commonly applied N fertilization strategies on the quality requirements of common wheat intended for biscuits production. Field experiments were set up over three growing seasons at three sites in northwestern Italy on two wheat cultivars. Th ree N rates (100, 130, and 170 kg N ha -1 ), applied split as ammonium nitrate, have been compared to a slow release fertilizer, applied only at tillering (130 kg N ha -1 ). Th e leaf greenness, grain yield, grain and fl our protein content, and W were aff ected directly by the rate of N distributed as ammonium nitrate in several of compared agro-environments. Taking in account the same N rate, the application of a slow release fertilizer resulted in a signifi cantly lower GPC (4%), W (6%), and fl our stability measured through the Brabender farinograph (10%) compared to the split fertilization with ammonium nitrate, while no diff erence was observed for ear density and grain yield. Suitable rheological parameters of wheat for biscuits could be achieved through the split application of ammonium nitrate only at low N rate, but this could limit their productive performances. Conversely, the fertilization strategy of applying a slow release fertilizer at tillering is able to better satisfy the qualitative requirements for biscuit production, without causing any grain yield loss.
The wheat GPC is one of the key quality factors that can infl uence the end-use of wheat market classes throughout the world. Unlike improver or superior bread-making wheat, which require high levels of protein, a low grain protein (<10.5%) is desirable for the wheat for biscuit, (Italian wheat quality classifi cation; Foca et al., 2007) , also called soft red or soft white wheat (Farrer et al., 2006) .
Good biscuit-making quality has been defi ned in terms of soft kernel texture, a low percentage of vitreous kernel, low protein content, weak-gluten grains, and low water retention capacity (Gaines, 1991) . Since biscuit dough is less extensible and more elastic than bread dough, due to the lower water level, biscuits retract aft er cooking, and the absence of retraction is considered a criterion of good quality (Contamine et al., 1995; Pedersen et al., 2004) . Labuschagne et al. (1997) reported a signifi cant negative correlation between biscuit diameter aft er cooking and the content of fl our protein and the Chopin alveograph P/L ratio. As far as biscuit-making is concerned, Igrejas et al. (2002) stated that the total content of grain protein is more important than their composition on the quality of these end-products.
Due to the growing sanitary and technological requirements of industry, the cultivation of wheat for biscuits is occurring even more under chain agreements, with prices similar and sometimes higher than those of the other wheat qualitative categories. Th us, it becomes more important to fi nd the best crop practices that could fi t the requirements of this wheat category supply chain.
A fi rst key factor that is indispensable to obtain good biscuit quality wheat is the use of cultivars characterized by high grain soft ness and the capacity of accumulating specifi c storage proteins, and in particular high molecular glutenin sub-units (Huebner et al., 1999; Pedersen et al., 2004) . Furthermore, the GPC in wheat for biscuit cultivars is highly variable across growing seasons and environments, and could oft en be too high compared to the end-use quality requirements of this market class (Farrer et al., 2006) . Moreover, wheat supply chains are looking for more homogenous lots, in terms of GPC, as the high variability of rheological parameters has a negative impact on the marketing of this wheat category.
Nitrogen content is widely considered as the main factor that can directly aff ect storage proteins, as well as the technological quality of grain (Wieser and Seilmeier, 1998) . As is well known, a direct relationship exists between the N fertilizer rates and the GPC in wheat (Garrido-Lestache et al., 2004) . High grain protein levels in wheat could be attributed in part to excessive N application rates, which farmers apply to obtain a higher grain yield. Thus, for this wheat category, it is necessary to find a compromise for N management between the quantitative and the qualitative aspects. This means to identify the proper N application rate to allow producers to maintain grain productivity, and to reduce the risk of exceeding the grain protein levels for biscuit production.
In several winter wheat production temperate areas, N is generally split between tillering at the growth stage (GS) 23 (Zadoks et al., 1974) and the beginning of stem elongation . Dividing the total N application into two or more treatments can help growers enhance nutrient efficiency, promote optimum wheat yields and mitigate the loss of nutrients related to high spring precipitations (López-Bellido et al., 2005) .
The use of "special" fertilizers, such as controlled or slow release fertilizers could be an alternative to reducing the N loss in the environment, since they minimize N leaching, especially in sandy and shallow soils (Wang and Alva, 1996) . Moreover, since the nutritive release is gradual during the growing season, the use of these fertilizers could simplify the operative management of N fertilization, and reduce the number of field applications.
Although the effect of these special fertilizers on environmental N pollution and losses have been well documented (Dinnes et al., 2002) , few studies have reported the impact of using slow release fertilizers on grain yield and GPC. In particular, the effect of a slow release fertilizer on rheological properties of wheat for biscuits has not yet been studied.
The aim of this study was to determine, in different pedo-climatic conditions, the effect of different N fertilization strategies on the quality requirements of common wheat intended for biscuits production, to enhance the quality traits of this commercial category, and obtain a lower flour variability of the rheological parameters.
Materials and Methods experimental site and treatments
The study was performed in northwestern Italy (Piedmont Region), during three growing seasons (2007-2008, 2008-2009, and 2009-2010) . The experiment was performed in three sites (Table 1) :
• sandy loam soil, Typic Hapludalfs (USDA classification), in Cigliano (VC province), characterized by a shallow soil with a low cation exchange capacity (CEC), • silt loam, Aquic Frugiudalf in Quargnento (AL province), a deep soil with high CEC but low fertility (low content of organic matter), • sandy silt loam soil, Typic Udifluvents in Poirino (TO province), a deep soil with medium CEC and fertility. In each trial, the compared treatments were factorial combinations of:
• four N granular fertilization strategies: three N rates (100, 130, and 170 kg N ha -1 ) applied as ammonium nitrate split between tillering (GS 23) and stem elongation in The N rate were established in accordance with the maximum N applied in integrated production disciplinary (130 kg N ha -1 ; EEC, 2005) or in nitrate vulnerable zones (170 kg N ha -1 ; EEC, 1991).
The slow release fertilizer was Sulfammo 23 (23% total N, with 10% ammoniacal N and 13% ureic N, Timac Agro S.p.A, Atessa, CH, Italy). The nutrient is gradually released due to the presence of a double membrane: the inner organic membrane (containing polyphenolic molecules, MPPA) protects and binds the N molecules while the outer calcium salt membrane regulates the water intake in function of the soil moisture (Marinaccio et al., 2015) .
Top-dressed granular fertilizers were applied to experimental plots by hand. For both variety, an unfertilized control that did not receive any mineral N fertilization during the growing season was introduced as a spy-control, to indicate the soil fertility and N availability in the compared environments.
The treatments were assigned to experimental units using a completely randomized block design with four replicates. The plot size was 7 by 1.5 m. The plots were seeded after an autumn plowing (30 cm) and disk harrowing to prepare a proper seedbed, following a previous crop maize for grain. Planting was conducted in 12 cm wide rows in October or November at a seeding rate of 450 seeds m -2 . The experimental field received 115 kg ha -1 of K 2 O each year. The weed control was conducted with isoproturon (3-(4-isopropylphenyl)-1,1-dimethylurea or 3-p-cumenyl-1,1-dimethylurea) and diflufenican (2¢,4¢-difluoro-2-(a,a,a-trifluorom-tolyloxy)nicotinanilide) at wheat tillering (GS 23).
All the plots were treated with two applications of fungicide: a mixture of azoxystrobin (Methyl (E)-2-{2 The fungicides were applied using a three nozzle precision sprayer (T-Jet 110/04) with a fine mist at a slow walk to ensure effective coverage. The delivery pressure at the nozzle was 324 KPa. The sowing, the N fertilization, the fungicide application and harvest dates are reported in Table 2 for each year and site.
Grain yields were obtained by harvesting with a Walter Wintersteiger cereal plot combine-harvester. A subsample was taken from each plot to determine the grain moisture, thousand kernel weight (TKW) and test weight (TW). The grain yield results were adjusted to a 120 g kg -1 moisture content.
The harvested grains were mixed accurately, and 2 kg grain samples were taken from each plot for the qualitative analyses.
flag leaf greenness
A chlorophyll meter, Hydro N-Tester (HNT) (Hydro-Agri, now Yara, Oslo, Norway) was used to measure the relative flag leaf greenness after the late N fertilization.
The HNT is a hand-held instrument that measures the light transmitted by a plant leaf at two different wavelengths (650 and 960 nm) (Arregui et al., 2006) . The ratio of the light transmitted at these wavelengths, in addition to the ratio determined with no sample, is processed by the instrument to produce a digital reading. The HNT values are numerical, dimensionless values that are proportional to the amount of total chlorophyll present in the leaf (Peltonen et al., 1995) . Readings were taken using the HNT at mid-length of the flag leaf from 30 randomly selected plants per plot. The HNT measurements were performed at different reproductive stages: the beginning of heading (GS 52), the milk (GS 75), and the dough stage (GS 85).
The area under the leaf greenness curve (AULGC) was calculated for each treatment, starting from the HNT measurements conducted during crop maturation, using the following formula:
where Ri is the average HNT reading value of the ith record, R i+1 is the average HNT reading value of the i+1th record, t i+1 -t i is the time of day between the ith record and the i+1th record and n is the number of observations. small-scale Quality analyses Test weight (TW) was determined by means of a DickeyJohn GAC2000 grain analysis meter (Dickey-John Corp., Auburn, IL), using the supplied program and after a validation with reference materials. Thousand kernel weight (TKW) was determined on two 100-kernel sets for each sample, by using an electronic balance.
Grain samples (50 g) from each plot were milled using a Retsch ZM 200 (Retsch GmbH, Haan, Germany), fitted with a 1 mm aperture sieve, and the resulting wholemeal has analyzed by near-infrared reflectance spectroscopy, using a NIRSystem 6500 monochromator (Foss-NIRSystems, Silver Spring, MD). Grain protein content (GPC; N × 5.7, dry matter basis) and hardness were determined according to AACC 39-10 and AACC 39-70A, respectively (AACC, 2000) . All analyses were performed in duplicate. 
large-scale Quality analyses
Only cultivar Artico was taken into consideration for largescale analyses production, since it is the reference cultivar for Italian mills, as far as the wheat for biscuit is concerned. The four replicates for each entry unit (treatment) were bulked and milled with a Bona 4RB (Bona, Monza, Italy) experimental mill, after tempering according to their hardness. The rheological properties of the flour were evaluated using a Chopin alveograph, according to ICC-121 and a Brabender farinograph, according to ICC-115-D (ICC, 1992) .
statistical analysis
The normal distribution and homogeneity of variances were verified for each trial by performing the Kolmogorov-Smirnov normality test and the Levene test, respectively. An ANOVA was utilized to compare all the recorded parameters, using a completely randomized block design, in which the treatment, the cultivars and the type of soil were the independent variables. The ANOVA was conducted separately for the three investigated growing seasons. Multiple comparison tests were performed, according to the REGW-Q test, on the treatment and type of soil means. The SPSS statistical package for Windows, Version 19.0 (SPSS Inc., Chicago, IL), was used for the statistical analysis.
results weather conditions and natural nitrogen occurrence in the soil
The monthly rainfall and growing degree days (GDD) observed at the three experimental sites over the three growing seasons, are reported in Table 3 . The total rainfall that occurred in the period between wheat sowing (November) and vegetative regrowth (March) are the main differences in the three growing seasons. The 2008-2009 growing season experienced the highest total rainfall (>500 mm) in this period and this was followed The total rainfall and GDD also differed between sites, with the highest rainfall level and GDD consistently observed in Cigliano (Sa-Lo) for the three growing seasons.
To characterize the natural N occurrence in the soil in each experiment, the AULGC curve and the grain yield of the unfertilized control are reported in Table 1 (Table 4) . A significant (P = 0.001) interaction between N fertilization, cultivar and Si-Lo) , while the slow release fertilizer application (T4) significantly increased the ear density compared to the split N fertilization with ammonium nitrate in the Poirino (Sa-Si-Lo) for both cultivars (data not shown). The T4 treatment in Cigliano (Sa-Lo) did not increase ear density compared to T2, while T3 had a significantly higher ear density than T2, but only for cultivar Paledor.
leaf greenness The ANOVA showed a significant effect of N fertilization strategy, cultivar, and site on the AULGC value recorded during the reproductive stages, for all the compared growing seasons (Table 4 ). In the 2007-2008 growing season, the crop greenness during the maturation stages was significantly higher for the higher N fertilization rate with split ammonium nitrate (T3) and with the slow release fertilizer (T4), compared to the T2 and T1 treatments (Table 5) significantly and proportionally with the increase in the N dispensed as ammonium nitrate. Moreover, in these growing seasons, a slow release fertilizer application (T4) showed similar AULGC values to those observed with the lower N rate using ammonium nitrate (T1) and significantly lower values to those of the T3 and T4 treatments. In all the growing seasons cultivar Paledor, a late maturity, showed higher AULGC values than cultivar Artico; moreover Cigliano showed the highest AULGC, and this was followed by experiments performed in Quargnento and Poirino.
The interactions between the N fertilization and cultivar or site were not significant.
grain Yield and Yield Parameters
The ANOVA showed a significant effect of N fertilization on grain yield in the 2008-2009 and 2009-2010 growing seasons, while in the 2007-2008 season, which was characterized by less rainfall during vegetative growth, the differences were not significant (Table 4 ). In the 2008-2009 season, grain yield was significantly and proportionally affected by the total N rate (Table 5 ). In the 2009-2010 growing season, grain yield was significantly lower for the T1 treatment compared to the others with a higher N rate.
No significant differences were observed in any experiment for the same N rate (130 kg N ha -1 ) between the split fertilization (T2) or the application of a slow release fertilizer (T4).
Cultivar 
kernel and flour Quality traits
The ANOVA showed a significant effect of N fertilization strategy, cultivar and site on the GPC for all the compared growing seasons (Table 4) .
In the 2007-2008 growing season, the interaction between N fertilization and site was significant (P < 0.001): no significant differences were recorded in Quargnento (Si-Lo) or Poirino (Sa-Si-Lo), while the GPC in Cigliano experiment (Sa-Lo) was affected significantly and directly by the total rate of N distributed as ammonium nitrate (Table 6 ). Conversely, the use of the slow release fertilizer (T4) in Cigliano resulted in a significantly lower GPC then the same N applied as ammonium nitrate (T3).
The GPC in the 2008-2009 and 2009-2010 growing seasons was also significantly increased by the total N distributed (Table 5) . However, in all three sites, when taking in account the same N rate (130 kg N ha -1 ), the application of a slow release fertilizer (T4) resulted in a significantly lower GPC (-0.62%) than the ammonium nitrate fertilizer (T2) but was not significantly different compared to treatment T1 (100 kg N ha -1 ). The interactions between the N fertilization and cultivar and/or site were never significant for these growing seasons. The GPC was significantly higher in cultivar Paledor than cultivar Artico in all the compared cases.
The ANOVA showed a significant effect of N fertilization on grain hardness: this parameter was directly and positively affected by the N fertilization rate, with moderate differences in the 2007-2008 growing season (only T3 vs. T1 was significant), but higher differences in the other experiments (T1 vs. T2 vs. T3). In the 2008-2009 growing season, the slow release fertilizer (T4) significantly reduced grain hardness compared to the use of ammonium nitrate at the same total N rate (T2).
In the 2007-2008 and 2009-2010 seasons, cultivar Paledor showed a significantly higher grain hardness than cultivar Artico. The interactions between the N fertilization and cultivar or site were not significant.
The effect of N fertilization on the rheological properties of the dough from cultivar Artico is reported in Table 7 . When the N fertilization conducted with the split application of ammonium nitrate is taken into account, the dough strength (W) increased with the total N rate at the stem elongation stage in each experiment, but particularly in the 2008-2009 and 2009-2010 growing seasons. In these growing seasons, the fertilization with a slow release fertilizer at tillering (T4) led to lower W values compared to the split application of ammonium nitrate at the same N rate (T2), but were closer to those obtained applying a total lower N amount (T1).
In the 2007-2008 growing season, with the exception of T1 in Quargnento, none of the compared treatments was able to satisfy the optimum quality requirements for the market class of wheat for biscuit (W < 110 J 10 -4 ; according to the Italian Synthetic Quality Index classification; Foca et al., 2007) . In the other two growing seasons, this quality requirement was satisfied over 80% of the cases with treatments T1 and T4, respectively, while the T2 treatments only fitted the optimum level for this wheat category in 33% of the cases. The P/L rate was generally low (<0.5) in all the experiments, while higher average values were observed in the trials performed in Quargnento and Poirino in the 2008-2009 growing season, as a consequence of the lower extensibility value (L). No clear effect of N fertilization has been observed for this parameter. As far as the farinograph parameters are concerned, the N fertilization rate at stem elongation increased the water absorption and the stability and reduced the degree of softening in all experiments, with the exception of the trails performed in Quargnento and Poirino in the -2008 . In the 2008 -2009 and 2009 growing seasons, the use of a slow release N fertilizer on average resulted in less stability than the split application of ammonium nitrate at the same rate. Table 7 . Effect of N fertilization on the alveographic (P, tenacity; L, extensibility; W, dough strength) and farinographic parameters of wheat for biscuits; field experiments carried out in site with different soil textures in northwestern Italy in the 2007 to 2010 period. † Degree of softening discussion This study provides useful information for farmers on how to manage the N fertilization of wheat for biscuits production, to obtain an improvement in both yield and qualitative traits.
Data collected in nine field experiments, over three growing seasons and in three types of soils, confirm that the environment is the main factor that can influence the qualitative parameters, thus confirming a previous survey conducted in the Washington and Idaho states by Bassett et al. (1989) . As expected, the variable grain protein responses over site-years is closely associated to soil N availability during spring, which is influenced by the interaction of the soil characteristics, the meteorological trends, especially rainfall, and the N fertilization. Nitrogen soil availability seems to have a more consistent effect on wheat qualitative traits than productive ones: in the growing season characterized by the lowest rainfall (2007) (2008) , the interaction between N treatment and site was significant for GPC, but did not affect grain yield. Data recorded under different environments clearly highlight that rainfall during winter and the first part of spring play the most important role on GPC of wheat, followed by the type of soil.
However, N application strategies could play an important role in the different environments to obtain the qualitative requirements of wheat for biscuits, particularly in the growing season with high rainfall and in the sandier soil. The present study clearly underlines that a negative relationship exists between the N rate at stem elongation and the qualitative requirements of these market categories. The highest considered N rate (170 kg N ha -1 ) consistently increased the GPC and the rheological parameters, above the enduse quality requirement level of this market class in almost all the compared conditions. Furthermore, this N rate was able to determine significant yield advantages compared to 130 kg N ha -1 , but only in the growing season characterized by the highest rainfall level and, consequently, the highest N leaching. The fertilization with 130 kg N ha -1 , led to consistent yield advantage over the different growing seasons compared to the lowest rate obtained in this experiment (100 kg N ha -1 ), with the exception of the year characterized by a higher natural N occurrence, in which no productive differences were reported. However, the application of N at this rate as ammonium nitrate split between wheat tillering and the beginning of stem elongation, resulted in a significant rise in GPC and grain hardness, compared to fertilization at the lower rate of 100 kg N ha -1 , and thus increased the risk of not satisfying the qualitative requirements of this market category.
These results are in agreement with other studies on soft wheat performed in the United States (Georgia, Brucker and Morey, 1988) , Canada (Alberta, Carefoot et al., 1989) , and Denmark (Pedersen and Jørgensen, 2007) . According to Borghi et al. (1995) and López-Bellido et al. (2001) , who conducted experiments on bread-making wheat, as N fertilizer rates at stem elongation increase, a rise in GPC and a corresponding increase in W and the P/L ratio can be observed. Moreover, the data collected underline that the N fertilization rate affects the GPC more than grain yield, thus confirming the data collected by Jia et al. (1996) and Fowler (2003) for high protein wheat. Johnston and Fowler (1991) reported that delaying the spring N application to the end of stem elongation can promote GPC accumulation more than yield. Moreover, working both on soft and hard wheat, Labuschagne et al. (2006) reported that the total amount of N seemed to have a greater influence on the protein fractions than different fertilizer application timings. Farrer et al. (2006) reported that, unlike grain yield and test weight, an important part of GPC variability of soft winter wheat in North Carolina should be attributed to N management (rate and timing) mainly due to the environmental conditions. These authors reported that low N rates consistently resulted in low grain protein levels, and these qualitative levels were relatively stable from environments to environments.
Thus, a first recommendation for farmers who produce wheat for biscuits is to avoid the over-application of N beyond the level required to optimize the yield and economic return. Under high residual soil N levels, apart from a reduction in N rates, Sowers et al. (1994) suggest splitting the N applications and reducing the amount applied at the stem elongation stages, to maintain a high yield while lowering GPC. Since a close relationship exists between AULGC and both grain yield and GPC, the use of chlorophyll readings can help farmers to guide the N fertilization throughout the season based on the amount of N available (Peltonen et al., 1995) .
Moreover, the data reported in the present study clearly underline that in addition to the N rate, the fertilizer type and the adopted N fertilization strategy also affect the GPC and the rheological parameters of grain for biscuits. The application of a slow release N fertilizer at tillering, instead of a split ammonium nitrate fertilization, did not lead to any advantage or disadvantage in terms of grain yield, thus confirming experiments conducted on soft wheat in the Alberta region (Canada) by McKenzie et al. (2007) and in North Carolina by Cahill et al. (2010) . Conversely, the application of a slow release fertilizer at tillering often leads to a lower GPC and better fits the rheological requirements of this wheat category, compared to the application of the same N rate as ammonium nitrate split between the tillering and stem elongation stages.
These data highlight that the use of a slow release fertilizer for low-protein wheat does not necessarily lead to the risk of increasing the final grain protein due to an extended availability of N to the plants during grain filling. As far as breadmaking common and durum wheat is concerned, the spring application of a top-dressed slow release fertilizer has not been reported to increase GPC, compared to a conventional fertilizer (Diez et al., 1997; Middleton et al., 2004; Beres et al., 2010; Grant et al., 2012) . McKenzie et al. (2010) reported that the top-dressing of polymer-coated urea in early spring instead of un-coated urea, urease inhibitor urea, or ammonium nitrate could lead to a lower grain yield and lower GPC, due to an excessive delay in the release of N. For a successful spring application of slow release fertilizer in wheat, it is necessary that the successive releases of N into the soil solution should correspond well to the demand of N in the various growth stages of winter wheat (Yang et al., 2011) .
Moreover, the data collected in the present study, have shown that slow release fertilizers applied at tillering, which gradually match the N crop uptake, reduce the risk of having an excessive GPC and flour strength in wheat. This strategy could help avoid the occurrence of high levels of N in the soil solution immediately after fertilization, which, with the split application of a quickly available N fertilizer, such as ammonium nitrate at the stem elongation stage, could be responsible for a rise in the protein concentration in wheat kernels.
The data reported in the present study stress the evidence that the enhancement of wheat for biscuits rheological quality, obtained by improving the synchronization of N availability to the crop demand through the use of a controlled-release fertilizer, is quite consistent in agro-environments that differ in soil texture, fertility, and climatic conditions during the growing seasons. Further studies are required to confirm that the positive effects on the quality of wheat for biscuits could also be obtained with other controlled-release fertilizers, such as nitrification inhibitors and urea-aldeyde products, or other semipermeable polymer coating or organo-mineral N fertilizers.
A further advantage of slow release fertilizer application at the tillering stage is the potential benefit of increasing the ear density, which was observed in the present field experiments, and which has also been reported for winter wheat by McKenzie et al. (2007) and Ingle et al. (2010) .
In conclusion, the results collected from field experiments conducted over different growing seasons and in different sites with different pedo-climatic conditions, have underlined that suitable rheological parameters of wheat for biscuits could be achieved through the split application of a traditional fertilizer with a reduction in the N rate, although this could limit the productive performances. Conversely, the fertilization strategy of a single application of a slow release fertilizer at tillering is able to better satisfy the qualitative requirements of biscuit production, without causing a grain yield loss. The economic benefits of using a slow release N fertilizer instead of a traditional one on wheat were generally considered limited or nonexistent, since the cost of fertilizer is higher and yield advantage are not consistent (Khakbazan et al., 2013) . However, the results obtained in the present study make this practice attractive for the cultivation of wheat for biscuit production, to fit the qualitative requirements of this wheat category supply chain. 
